We developed a PCR-based assay to differentiate medically important species of Aspergillus from one another and from other opportunistic molds and yeasts by employing universal, fungus-specific primers and DNA probes in an enzyme immunoassay format (PCR-EIA). Oligonucleotide probes, directed to the internal transcribed spacer 2 region of ribosomal DNA from Aspergillus flavus, Aspergillus fumigatus, Aspergillus nidulans, Aspergillus niger, Aspergillus terreus, Aspergillus ustus, and Aspergillus versicolor, differentiated 41 isolates (3 to 9 each of the respective species; P < 0.001) in a PCR-EIA detection matrix and gave no false-positive reactions with 33 species of Acremonium, Exophiala, Candida, Fusarium, Mucor, Paecilomyces, Penicillium, Rhizopus, Scedosporium, Sporothrix, or other aspergilli tested. A single DNA probe to detect all seven of the most medically important Aspergillus species (A. flavus, A. fumigatus, A. nidulans, A. niger, A. terreus, A. ustus, and A. versicolor) was also designed. Identification of Aspergillus species was accomplished within a single day by the PCR-EIA, and as little as 0.5 pg of fungal DNA could be detected by this system. In addition, fungal DNA extracted from tissues of experimentally infected rabbits was successfully amplified and identified using the PCR-EIA system. This method is simple, rapid, and sensitive for the identification of medically important Aspergillus species and for their differentiation from other opportunistic fungi.
Invasive aspergillosis (IA) is a leading cause of infection among patients undergoing hematopoietic stem cell transplantation, solid organ transplantation, and treatment for hematological malignancies (11, 45) . Although the incidence of IA differs from one host group to another, the mortality rate from this disease is high and ranges from 58 to 99% in immunocompromised patients (14, 38) . Aspergillus fumigatus remains the most frequent cause of IA; however, at least 20 other species, including A. flavus, A. terreus, A. niger, A. nidulans, A. versicolor, and A. ustus have been reported to cause human infection (13) . In some centers, A. terreus is becoming an increasingly common cause of IA (2, 27) . This species is of concern because it is less susceptible to amphotericin B in vitro than A. fumigatus (37, 62) and has the potential to cause fulminant invasive infections in immunocompromised patients (27) .
The high mortality rate of IA is caused in part by the rapid progression of infection and by difficulties in its diagnosis, particularly in the early stages of disease. Although there has been some progress in attempts to expedite the radiological diagnosis of IA (4, 7) , early diagnosis remains difficult. Definitive diagnosis requires histopathologic evidence of deep-tissue invasion or a positive culture from a sterile site (1, 47) . However, invasive diagnostic procedures can be dangerous for thrombocytopenic patients, and blood cultures are seldom positive (47, 66) . In addition, the morphological similarities of many filamentous fungi in tissue make their specific identification difficult (25, 32, 47) . The detection of galactomannan antigen in serum by enzyme immunoassay (EIA) has been an important adjunct in the diagnosis of IA (44, 64) . However, test sensitivity and specificity have been reported to vary from 56 to 100% and from 71 to 94%, respectively, depending upon variations in the patient population studied, the test conditions used, and/or the immunosuppressive agents employed (18, 44, 47, 57, 64) . Although this test is promising as a screening tool, the effect on specificity of a newly introduced lower positive cutoff value is still under investigation. In addition, this test has not been shown to detect circulating antigen from all medically important Aspergillus species or to discriminate among Aspergillus species (61) .
PCR-based methods, which show potential as rapid, sensitive means to diagnose infections, have been used in the detection of DNA from some Aspergillus species (6, 15, 23, 33, 69, 70) . Such tests may provide increased sensitivity compared to antigen detection assays (21, 30, 33, 70) . However, most tests to date have been directed to the detection of only one Aspergillus species (12, 52, 72) or to the detection of only single-copy genes (8, 23, 29) . Others have used primers or probes which are pan-fungal and directed to highly conserved, multicopy gene targets in an attempt to increase test sensitivity but, by doing so, have forfeited species specificity (15, 31, 36, 60, 65, 69, 70) . In addition, most amplicon detection methods have used technologies that are not easily adapted for use in a clinical microbiology laboratory, such as gel electrophoresis with or without restriction fragment length polymorphism analysis (33, 60, 65, 72) , Southern blotting (6, 15, 65, 70) , single-strand conformational polymorphism analysis (34, 56, 67) , or DNA sequence analysis (12, 24, 55, 63) .
Our investigators previously described a PCR-based method that employed universal, fungus-specific primers and speciesspecific oligonucleotide probes, directed to the internal transcribed spacer 2 (ITS2) region of ribosomal DNA (rDNA), to identify Candida species (16, 19, 59 ) and the dimorphic fungi (39) . Amplicons were detected in a colorimetric EIA format (PCR-EIA) that could be easily adapted to clinical laboratory use. We describe here the design and application of specific DNA probes to differentiate medically important species of Aspergillus from one another and from other molds and Candida species using this simple and rapid PCR-EIA format. Tables 1 and  2 . Isolates were obtained from the culture collections of the Mycotic Diseases Branch, Centers for Disease Control and Prevention (CDC), Atlanta, Ga., from the American Type Culture Collection (ATCC), Manassas, Va., and from the National Regional Reference Laboratory, Peoria, Ill. A laboratory variant of Candida albicans strain CBS 2730 was obtained as a gift from R. Rüchel (48) , and a human clinical isolate of A. ustus from Korea was provided by one of the authors (J. H. Shin). Phenotypic characteristics as well as DNA sequencing were used to identify all isolates for probe development, type cultures and bona fide culture collection isolates were used whenever possible for both positive and negative control isolates, and multiple strains of most organisms were included to validate probe assays (Tables 1 and 2) .
MATERIALS AND METHODS

Microorganisms. Microorganisms and their sources are listed in
Aspergillus species and other filamentous fungi were grown at 35°C for 4 to 5 days on Sabouraud dextrose agar slants (Emmon's modification; BBL, Becton Dickinson Microbiology Systems, Cockeysville, Md.). Two slants were then washed by vigorously pipetting 5 ml of 0.01 M phosphate-buffered saline (PBS; 8.1 mM Na 2 HPO 4 , 1.9 mM KH 2 PO 4 , 0.85% NaCl; pH 7.2) onto the surface of each slant, and the washes were transferred to 500-ml Erlenmeyer flasks containing 200 ml of Sabouraud dextrose broth (BBL). Flasks were then incubated for 4 to 5 days on a rotary shaker (140 rpm) at ambient temperature. Growth was harvested in a biosafety level 2 cabinet by vacuum filtration through sterile filter paper (11-cm diameter, no. 1 thickness; Whatman International, Ltd., Maidstone, England) which had been placed into a sterile Büchner funnel attached to a 2-liter side-arm Erlenmeyer flask. The resultant cellular mat was washed three times with sterile distilled H 2 O (dH 2 O) by filtration, removed from the filter paper by gentle scraping with a rubber policeman, and frozen at Ϫ20°C until used.
Yeast were grown at 35°C on a rotary shaker (140 rpm) for 18 to 24 h in 10 ml of yeast potato dextrose broth (Difco Laboratories, Detroit, Mich.) in 50-ml Erlenmeyer flasks. Growth was harvested by centrifugation and washed twice with dH 2 O before DNA extraction as described below.
Extraction of fungal DNA. Yeast DNA was extracted from overnight cultures using the PureGene gram-positive bacteria and yeast DNA extraction kit (Gentra Systems, Inc., Minneapolis, Minn.) as previously described (16) . A mechanical disruption method, using grinding of cellular mats with a mortar and pestle in the presence of liquid nitrogen, was employed to obtain DNA from molds. Just before use, a portion of the frozen cellular mat (approximately equal in size to a quarter) was placed into an ice-cold, sterile mortar (6-in. diameter) in a biosafety level 2 cabinet. Liquid nitrogen was added to cover the mat, which was then ground into a fine powder with a sterile pestle. Additional liquid nitrogen was added as needed to keep the mat frozen during grinding. Filamentous fungal DNA was then extracted and purified using serial proteinase K and RNase treatments followed by phenol-chloroform extraction and ethanol precipitation by conventional methods (51) or by column chromatography using genomic tips as recommended by the manufacturer (QIAGEN Corp., Chatsworth, Calif.).
DNA sequencing. DNA sequencing used two sets of primer pairs: (i) the fungus-specific, universal primer pair ITS3 and ITS4 (Table 3 ) was used to amplify a portion of the 5.8S rDNA region, the entire ITS2 region, and a portion of the 28S rDNA region for each fungal species, as previously described (16, 68) ; and (ii) the fungus-specific, universal primer pair ITS1 and ITS4 (Table 3) was also used to amplify a portion of the 18S rDNA region, the entire 5.8S region, the entire ITS1 and ITS2 regions, and a portion of the 28S rDNA region (68) . A DNA reagent kit (TaKaRa Biomedicals, Shiga, Japan) was used for PCR amplification of genomic DNA before sequencing. The PCR was performed using 2 l (5 ng) of test sample in a total PCR volume of 100 l consisting of 10 l of 10ϫ Ex Taq buffer, 2.5 mM (each) dATP, dGTP, dCTP, and dTTP in 8 l, 0. Table 1 . b This isolate was deposited in the ATCC as A. flavus but was determined to more closely resemble A. tamarii by DNA sequencing in our laboratory (GenBank accession nos. AF453894 and AF454112).
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nealing at 58°C for 30 s, and extension at 72°C for 1 min. A final extension at 72°C for 5 min followed the last cycle. After amplification, samples were stored at Ϫ20°C until used. Appropriate measures to prevent PCR contamination were taken (19, 35) . The aqueous phase of the primary PCR amplification mixture was purified using QIAquick spin columns (QIAGEN Corp.). DNA was eluted from each column with 50 l of heat-sterilized Tris-EDTA buffer (10 mM Tris, 1 mM EDTA; pH 8.0). DNA was then labeled using a dye terminator cycle sequencing kit (ABI PRISM; Applied Biosystems, Foster City, Calif.), amplified, purified, and sequenced in both the forward and reverse directions using an automated capillary DNA sequencer (model 373; ABI Systems, Bethesda, Md.) as described previously (17) .
Extraction of DNA from tissue specimens. Rabbit models of IA and candidiasis developed previously (26, 49) were used to detect fungal DNA in tissues from infected animals. Rabbits were euthanized and necropsied on day 3 after infection, and tissue samples (5 by 5 by 1 mm) were placed immediately after removal onto aluminum foil, wrapped tightly, and submerged into liquid nitrogen for 1 min. Tissue samples were then stored frozen at Ϫ70°C until used. Samples of frozen tissue were thawed, weighed, and homogenized for 30 s at a speed setting of 4.5 in a FastPrep cell disruption instrument (Qbiogene, Carlsbad, Calif.), using lysing matrix tubes containing a combination of three beads (1/4-in. ceramic sphere plus garnet matrix plus 1/4-in. ceramic cylinder) and 1 ml of CLS-Y lysing solution as instructed by the manufacturer (Qbiogene). DNA was extracted and purified from the tissue homogenate using the FastDNA kit (Qbiogene) according to the manufacturer's directions before use in the PCR-EIA.
PCR amplification for the PCR-EIA. The same fungus-specific, universal primer pair, ITS3 and ITS4 (Table 3) , that was employed for DNA sequencing was also used to amplify the ITS2 region of DNA for the PCR-EIA. Amplicons from this region then served as the target for probe hybridization reactions as described before (16, 19, 59) . Primers and probes were synthesized, and probes were end labeled with digoxigenin or biotin as previously described (39) . The PCR was performed using 2 l (2 ng) of test sample in a total PCR volume of 100 l consisting of the following reagents (Roche Molecular Biochemicals, Inc., Indianapolis, Ind.): 10 l of 10ϫ PCR buffer containing 15 mM MgCl 2 , 2.5 mM (each) dATP, dGTP, dCTP, and dTTP in 8 l, 0.2 l of each primer (20 M), and 2.5 U of Taq DNA polymerase. Thirty cycles of amplification were performed in a Perkin-Elmer 9600 thermal cycler after initial denaturation of DNA in the thermal cycler at 95°C for 5 min. Each cycle consisted of denaturation at 95°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min. A final extension at 72°C for 5 min followed the last cycle. It was previously demonstrated that bacterial and human DNA were not amplified by the fungus-specific primers we employed (19) , and therefore DNA from these sources was not tested in this study.
Microtitration plate EIA for the detection of PCR products (PCR-EIA). Seven Aspergillus species probes, directed to the ITS2 region of Aspergillus rDNA and 5Ј-end labeled with digoxigenin, and an all-filamentous fungal capture probe, directed to the 5.8S rDNA region and 5Ј-end labeled with biotin (Table 3) , were used to detect PCR amplicons in a colorimetric streptavidin-coated microtiter plate format (16, 19, 59) . A DNA probe to detect all of the most medically important Aspergillus species (Tables 3 and 4) , directed to a more conserved ITS2 region upstream from the binding region of the species probes, was also 5Ј-end labeled with digoxigenin and used in the PCR-EIA. The absorbance at 650 nm for each well was determined using a microtitration plate reader (UV Max; Molecular Devices, Inc., Menlo Park, Calif.), and the absorbance value for the reagent blank, where DNA was absent and replaced with dH 2 O, was subtracted from each test sample. To determine the limit of sensitivity of the PCR-EIA compared to detection of amplicons by agarose gel electrophoresis and ethidium bromide staining, DNA was serially diluted, amplified by PCR as described above, and tested in both systems.
Statistical analyses. Student's t test was used to determine significant differences between means for test and control samples. A P value of Յ0.05 was considered significant.
Nucleotide sequence accession number. DNA sequencing results for isolates used for probe design were deposited with GenBank, and the accession numbers are as follows: A. flavus strain CDC B-5333, AF117920; A. fumigatus strain CDC B-1172, U93683; A. nidulans strain CDC B-5446, U93686; A. niger strain CDC B-5331, U93685; A. terreus strain CDC B-5502, U93684; A. ustus strain ATCC 16801, AF454136; and A. versicolor strain ATCC 10072, AF454142.
RESULTS
Amplification of DNA from all fungi using the universal, fungus-specific primer pair, ITS3 and ITS4. DNA from three to nine strains of each Aspergillus species for which DNA probes were designed (Tables 1 and 3 ) was PCR amplified using the universal, fungus-specific primer pair, ITS3 and ITS4. Amplicons were detected in agarose gels after electrophoresis and staining with ethidium bromide. DNA from each Aspergillus species for which DNA probes were designed produced amplicons of approximately 350 bp in size, and PCR amplicons from selected Aspergillus species are shown in Fig. 1 . No significant differences in amplicon size were noted among the various Aspergillus species tested.
DNA from all non-Aspergillus species molds (Table 2) , to be used as negative controls for the Aspergillus species probes, produced amplicons of between 340 and 410 bp (representative examples are shown in Fig. 1 ). DNA from Fusarium solani, Paecilomyces farinosis, and Paecilomyces variotii, strains of Penicillium marneffei, and Sporothrix schenckii gave the smallest amplicons, whereas DNA from Scedosporium species, Paecilomyces lilacinus, Exophiala jeanselmei, and Exophiala dermatitidis gave the largest amplicons (Fig. 1) . DNA from eight Aspergillus species for which no probes were designed, but which were also used as negative controls for the Aspergillus (19) . Use of amplicon size after gel electrophoresis and ethidium bromide staining afforded some discrimination among the filamentous fungi and yeasts but not among species of Aspergillus. In addition, a specific, unequivocal identification, relying on amplicon size in stained agarose gels alone, was not possible. Therefore, DNA sequence analysis of the ITS2 region of the seven most common Aspergillus species responsible for human infection was conducted. Sequences were aligned, and results were used to design specific DNA probes (Table 3) to differentiate Aspergillus species from one another and from other medically important opportunistic fungal genera. Specificity of oligonucleotide probes among medically important Aspergillus species. DNA was amplified as described above and used as the target for Aspergillus species probes in a colorimetric EIA detection format (PCR-EIA). Probe sequences were adjusted in certain cases to introduce minor intentional base pair mismatches, so as to reduce cross-reactivity among the Aspergillus species and mold targets. These mismatches were, however, sufficiently minor so as to maintain significant reactivity to the intended target sequences. Table 4 shows the results of probe binding in the PCR-EIA microtiter plate matrix using Aspergillus DNA from each of the species for which probes were designed. Significant reactivity (P Ͻ 0.001) was observed for each of the target DNAs using the homologous species probe (range in mean A 650 Ϯ standard error [SE] for DNA probes versus homologous DNA, 0.868 Ϯ 0.127 to 2.368 Ϯ 0.174; n ϭ 3 to 9). No significant crossreactivity was observed among these Aspergillus species probes, with the exception of the A. nidulans probe versus A. ustus DNA (Table 4) . However, the A. ustus probe did not crossreact with A. nidulans DNA and, by a process of elimination, these two species could be easily differentiated. Background reactivity for all other species probes was insignificant (range in mean A 650 Ϯ SE for DNA probes versus nonhomologous DNA, 0.002 Ϯ 0.0005 to 0.009 Ϯ 0.003; n ϭ 34 to 38).
One isolate obtained from the ATCC as a strain of A. flavus (ATCC 64841) did not react with the A. flavus probe. DNA from this isolate was therefore sequenced in the ITS1 as well as ITS2 rDNA regions (GenBank accession numbers AF453894 and AF454112, respectively). Comparative analysis with reference DNA sequences found in GenBank revealed that DNA from this isolate more closely matched sequences for strains of A. tamarii than those for A. flavus. This isolate is therefore listed in Table 2 as A. tamarii and was not considered to be an isolate of A. flavus, despite its designation as such in the ATCC catalog.
BLAST search analysis, using each Aspergillus species probe sequence to query the GenBank database, revealed no significant homology with ITS2 reference sequences from any unrelated or medically significant fungus for the A. flavus, A. nidulans, A. niger, A. terreus, A. ustus, or A. versicolor probes. Because intentional base changes from the original DNA sequence were designed into the A. fumigatus probe to remove (2) a The mean A 650 value Ϯ SE for each of the given probes after subtraction of the corresponding reagent blank (no DNA) for the number of strains tested in parentheses; each strain was tested in multiple experiments. b The Aspen-G probe cross-reacted with DNA from P. marneffei (1.24 Ϯ 0.15; n ϭ 3) and showed some reactivity with P. notatum DNA (0.17 Ϯ 0.03; n ϭ 2) but did not react with DNA from any other yeast or mold tested. DNA from Paecilomyces and Exophila spp. and from Scedosporium prolificans was not tested using the Aspen-G probe. A probe designed to react with DNA from all of the most medically important Aspergillus species listed in Table 1 (Aspen-G [ Table 3 ]) demonstrated strong reactivity (mean A 650 Ϯ SE, 0.910 Ϯ 0.040 to 1.800 Ϯ 0.169) with DNA from all but one of these species (Table 4) . A somewhat lower reactivity of this probe was observed with DNA from isolates of A. terreus compared to that of DNA from the other Aspergillus species (Table  4) . Nonetheless, the reactivity of the Aspen-G probe with A. terreus DNA was significantly above background levels (mean A 650 , 0.440 Ϯ 0.065 versus 0.003 Ϯ 0.002; P Ͻ 0.001).
The Aspen-G probe was not completely specific for Aspergillus species, in that it also reacted to varying degrees with DNA from two Penicillium species tested (mean A 650 Ϯ SE versus DNA from Penicillium marneffei, 1.24 Ϯ 0.15 [n ϭ 3] and versus DNA from Penicillium notatum, 0.17 Ϯ 0.03 [n ϭ 2]). However, this probe did not cross-react in the PCR-EIA system with DNA from any of the other yeasts or molds tested (Table 4 , footnote) and may therefore provide a means to differentiate Scedosporium apiospermum (Pseudallescheria boydii) and species of Rhizopus and Fusarium from those of the most medically important Aspergillus species.
Specificity of Aspergillus species probes tested against yeasts and other filamentous fungi. No significant cross-reactivity of the Aspergillus species probes was observed against DNA from any of the organisms listed in Table 2 (mean A 650 Ϯ SE for DNA from all organisms tested using Aspergillus species probes in 8 to 24 sample runs, 0.003 Ϯ 0.005; P Ͻ 0.001) with the exception of some minor cross-reactivity observed for the A. versicolor probe versus A. candidus DNA (mean A 650 Ϯ SE, 0.153 Ϯ 0.018). However, examination of rDNA ITS2 regions in the A. candidus DNA sequence upstream of the A. versicolor probe binding region indicated that design of a specific probe for A. candidus DNA should be relatively straightforward. Resolution of these species could therefore be accomplished by using these two probes and a process of elimination in the probe matrix system. The reactivity of the A. versicolor probe with A. candidus DNA gave an A 650 value 10-fold lower than that with A. versicolor DNA. Thus, these two species can easily be distinguished in the probe matrix configuration by the 10-fold difference in signal strength for A. candidus DNA compared to that for the A. versicolor positive control included on each test plate.
The agarose gel electrophoresis results, showing successful amplification of DNA from all fungal organisms tested, demonstrated that PCR amplicons were obtained for each of the genera and species of fungi tested, including those used as negative controls (examples are shown in Fig. 1 ). Therefore, negative probe test results were not caused by insufficient sample DNA or lack of PCR amplification but were the result of sequence nonhomology.
Application of the A. fumigatus probe for the detection of DNA in tissues from infected rabbits. Rabbit models of disseminated candidiasis and IA, previously described by our laboratory (26, 49) , were used as the source of infected tissues. DNA extracted from frozen, homogenized kidney tissue was PCR amplified using primers ITS3 and ITS4. Amplicons were detected in the PCR-EIA format with a previously described C. albicans-specific DNA probe (16, 19, 59 ) and the A. fumigatus probe described in the present study ( Table 3 ). The C. albicans-specific probe detected DNA only in tissue from C. albicans-infected and not A. fumigatus-infected rabbits (mean A 650 for DNA from 70 and 10 mg, respectively, of kidney tissue from a C. albicans-infected rabbit was 1.980 and 1.600 versus 0.000 and 0.000 for DNA from the same amount of kidney tissue from an A. fumigatus-infected rabbit) or from C. albicans yeast cells (mean A 650 for DNA from 10 4 CFU of C. albicans yeast cells in PBS was 1.550 versus 0.000 for DNA from an equal number of A. fumigatus conidia). In addition, the A. fumigatus probe detected DNA only in tissue from A. fumigatus-infected and not from C. albicans-infected rabbits (mean A 650 for DNA from 70 and 10 mg, respectively, of kidney tissue from an A. fumigatus-infected rabbit was 1.360 and 0.130, versus 0.000 and 0.000 for DNA from the same amount of kidney tissue from a C. albicans-infected rabbit) or from A. fumigatus conidia (mean A 650 for DNA from 10 4 CFU of A. fumigatus conidia in PBS was 2.110 versus 0.000 for DNA from an equal number of C. albicans yeast cells). The mean A 650 values obtained for DNA extracted from 70 mg of tissue from rabbits infected with C. albicans was higher than that for 10 mg of tissue, but the values were not linear with respect to tissue mass. In contrast, the A 650 value for DNA extracted from 10 mg of tissue from rabbits infected with A. fumigatus was approximately 10 times lower than that for DNA extracted from 70 mg of tissue. Such results may reflect differences in the total CFU per gram of tissue recovered from the C. albicans-infected compared with the A. fumigatus-infected rabbits. Tissues from the C. albicans-infected rabbits contained a mean of 1.5 ϫ 10 7 CFU per g of tissue compared with a mean of 3.8 ϫ 10
4 CFU per g of tissue from the A. fumigatus-infected rabbits. The efficiency of the PCR was apparently saturated with DNA from 10 mg of tissue from the C. albicans-infected rabbits (equivalent to 1.5 ϫ 10 5 CFU of C. albicans cells), so that DNA from 70 mg of tissue did not give A 650 values that were significantly higher than those for 10 mg of tissue. In contrast, DNA from 10 mg of tissue from A. fumigatus-infected rabbits (equivalent to 3.9 ϫ 10 2 A. fumigatus conidia) did not saturate the efficiency of the PCR, and a 10-fold increase in the A 650 signal was observed for DNA obtained from 70 mg of tissue (equivalent to 2.7 ϫ 10 3 CFU). Sensitivity of oligonucleotide probes. To further explore the semiquantitative nature of the PCR-EIA system and to establish its limit of sensitivity, a known quantity of A. fumigatus DNA was 10-fold-serially diluted and PCR amplified using the ITS3 and ITS4 primer pair. Amplicons were then detected in the PCR-EIA format and by ethidium bromide staining after agarose gel electrophoresis. The limit of sensitivity of the PCR-EIA detection system was 0.5 pg of DNA target (approximately 1 to 10 conidia), compared to 5 pg of DNA detected by ethidium bromide staining after agarose gel electrophoresis. The A 650 values for 5,000, 500, 50, 5, 0.5, 0.05, and 0.005 pg of A. fumigatus DNA after PCR amplification and detection in the PCR-EIA system were, respectively, 1.990, 1.393, 0.723, 0.211, 0.080, 0.007, and 0.000. As predicted, the A 650 values of the PCR-EIA increased as the amount of target DNA was increased. Linearity was observed for DNA concentrations between 0.005 and 5 pg; however, linearity was only achieved for DNA concentrations between 5 and 5,000 pg (0.005 to 5 ng) when values were plotted on a semilogarithmic scale.
DISCUSSION
Our investigators previously demonstrated the usefulness of the PCR-EIA system for the identification and differentiation of medically important species of Candida (16, 19, 59) as well as for the identification of the dimorphic fungi (39). Here we describe the design of DNA probes, directed to the ITS2 region of rDNA, to differentiate seven of the most medically important species of Aspergillus from one another and from other opportunistic molds and yeasts by using the same PCR-EIA amplification and detection system. There are many advantages to the use of this system over those employed by others. First, the use of a universal, fungus-specific primer pair maximizes test utility by amplifying DNA from all fungal targets (68) . The same primer pair that amplifies Candida species DNA (16, 19, 59 ) also amplifies Aspergillus species DNA and other mold and yeast DNA targets. Therefore, universal fungal primers have the potential to amplify fungal DNAs present in blood, body fluids, or tissues before an organism is isolated in pure culture and at a time when the identity of the infecting organism is unknown. Sensitivity is also increased by the use of rDNA amplification targets that, unlike single gene targets, are present in multiple copies (50 to 100 per haploid genome) (28, 68) . Mitochondrial DNA has also been used as a multicopy gene target (5, 6, 12) , but the variability of DNA sequences among different fungal strains in this target region may be a limiting factor (71) . In contrast, the probes designed in the present study bound equally well to all strains of a given species, indicating little strain-to-strain variability in the probe binding region. Indeed, in the one case where the A. flavus probe did not bind to what was originally thought to be A. flavus DNA, comparative DNA sequence analysis revealed that the isolate was more similar to A. tamarii than A. flavus. Other researchers have also concluded that there is little strain-tostrain variability in the ITS2 rDNA region (24, 28, 72) .
Second, the use of a two-step system, whereby products of the universal, fungus-specific primers are hybridized to DNA probes specific for each organism, allows for a greater degree of specificity than the use of primers alone. In addition, the PCR-EIA system employed in our laboratory uses two probes, a universal biotinylated capture probe to anchor amplicons to the wells of the streptavidin-coated microtitration plate and a digoxigenin-labeled detection probe. Both probes must bind in tandem to the target amplicon before a detection signal will be generated.
Five of the Aspergillus species probes designed as part of this study were found to be completely specific, could differentiate among the most medically important Aspergillus species, and discriminated aspergilli from other medically important opportunistic molds and yeasts tested. In two cases, some probe cross-reactivities were noted. In the first case, the A. nidulans probe cross-reacted with A. ustus DNA. However, the A. ustus probe did not cross-react with A. nidulans DNA. Therefore, a process of elimination could specifically identify both species. In the second case, the minor cross-reactivity of A. candidus DNA with the A. versicolor probe could be resolved based on its much-reduced (10-fold lower) A 650 value compared to that for A. versicolor DNA. Discrimination of these species should be straightforward when known concentrations of DNA, such as those derived from pure cultures, are being analyzed in the PCR-EIA. In a diagnostic setting, where unknown quantities of fungal DNA would be present in body fluids or tissues, a positive result using the A. versicolor probe would most likely indicate the presence of A. versicolor, given the rarity of infections caused by A. candidus. However, if definitive identification of this or other less common species of aspergilli is required, a reference laboratory could perform DNA sequence analysis secondarily. Thus, the PCR-EIA probe matrix could be used in clinical laboratories as a rapid and simple screening test for the most commonly encountered fungi. DNA sequence analysis would only be required for less common fungi and could be conducted by reference laboratories with established sequencing capacity. As additional DNA sequence information is obtained, other probes could be designed. Direct DNA sequence analysis is not at present feasible in most clinical lab- oratories because of the initial cost to set up a sequencing facility, the cost and expertise required to maintain sequencing equipment, the cost of DNA sequencing reagents and capillaries, the time and labor required to obtain relatively large amounts of high-quality, pure DNA, and the expertise necessary to interpret and analyze sequencing results (28, 55, 71) . Commercial systems have begun to appear (20) but need to become more cost-effective and user-friendly before they can be routinely used in most clinical laboratories. In addition: (i) public databases are not refereed and are often inaccurate; (ii) sequence information for many fungi is incomplete or not available; (iii) taxonomies of many fungi (particularly the molds) is in flux after the relatively recent introduction of molecular taxonomic methods; and (iv) controversy remains as to which gene or genes are best for DNA sequence analysis and fungal identification. The ITS regions of rDNA have been proposed by several groups to be the most ideal regions for sequence-based discrimination of fungal species (10, 24, 28, 55, 72) . Whereas the more-conserved 18S and 28S rDNA regions, which flank the ITS regions, have been used for the design of Aspergillus species probes, these probes were not species specific (15, 31, 36, 60, 65, 69, 70) . Commercial systems using conserved rDNA regions have been found to be incomplete or to identify more than one organism as the same species (20) . Nonetheless, sequence analysis of the more-conserved regions of rDNA may serve to provide a broader classification of Aspergillus species, whereas the ITS1 and ITS2 regions may allow for finer discrimination among species (24, 28, 55, 71) . As the taxonomy of Aspergillus species has undergone several revisions since the initial organizational work of Raper and Fennell (9, 54) , and as public DNA sequence databases and culture collections continue to be updated and corrected, molecular identification of Aspergillus species can only continue to improve.
The goal of the present study, however, was not to define taxonomic boundaries for the aspergilli but rather to develop a practical method to accurately and reproducibly identify medically important Aspergillus species in a rapid and simple manner easily adapted for use in a clinical laboratory. The PCR-EIA uses a colorimetric detection matrix to provide sensitive, rapid, and objective amplicon detection. Unlike detection formats which use agarose gel electrophoresis, restriction fragment length polymorphism, single-strand conformational polymorphism analysis, Southern blotting, or DNA sequence analysis, the PCR-EIA is easy to perform and gives an objective, spectrophotometric absorbance reading. Adaptation of the PCR-EIA probes to a real-time, quantitative PCR system should be feasible, as we have previously demonstrated conversion of five of our Candida species probes from a PCR-EIA detection format to a real-time format (58) . Use of a real-time PCR assay would provide quantitation of PCR products and reduce postamplification manipulation steps. Certain modifications of the probe sequences may be required, however, as demonstrated for the adaptation of our Candida species probes to real-time quantitation (58) . Ideally, a microarray format, whereby all medically important fungal genera and species could be identified in a single, automated assay, would be desirable.
Standardization of DNA extraction for all Candida species was facilitated in the present study by using liquid growth cultures and a commercial DNA extraction kit (PureGene). A commercially available cell disruption and DNA extraction kit was also used to process DNA from infected rabbit tissues (Qbiogene). This latter system has been shown to be effective for obtaining sufficient quantities of DNA from pure cultures of yeasts and molds for PCR amplification (50) and may be considered as an easy method to obtain DNA from pure cultures for use in the PCR-EIA system. Cumbersome methods for DNA extraction from pure cultures of molds were used in the present study only because large quantities of high-quality DNA were required for DNA sequencing analysis and probe design. The limit of sensitivity of the PCR-EIA was 0.5 pg of DNA (1 to 10 conidia) when pure cultures were used as the source of target DNA. These data indicate that less-elaborate DNA isolation methods might provide sufficient quantities of DNA for the PCR-EIA system when pure cultures are used. Clinical specimens may require additional steps to remove potential inhibitors of the PCR assay (15, 19) , but the 0.5-pg limit of test sensitivity is encouraging. Several commercial kits are now available which have been shown to be effective for obtaining sufficient amounts of DNA for PCR amplification purposes directly from blood and body fluids (40, 43) . Indeed, automated systems for the extraction of DNA from blood have been developed and can be modified for the extraction of A. fumigatus DNA from blood (40) . Commercial real-time PCR systems to detect fungal DNA once extracted in this manner are also emerging (LightCycler Candida kit; Roche).
Because filamentous fungi are difficult to differentiate from one another by morphology in histopathological tissue sections (25, 32, 47) , an additional goal of the present study was to determine if probes could be designed to identify fungi using DNA extracted from tissues. Although obtaining tissue biopsies from thrombocytopenic patients is not generally recommended, in the absence of positive cultures and characteristic radiographic findings, biopsies are often the only diagnostic alternative. Tissue burden in the animal models of infection used in this study were quite high, and it remains to be determined if this method will be useful for the identification of fungi in tissues from patients with less-severe fungal infections. Nonetheless, the equivalent of 390 CFU of A. fumigatus could be easily detected by this method, and lower detection limits may be possible. Therefore, this system has the potential to be clinically useful for the detection of fungal DNA from tissue specimens. Investigations are under way to determine if probes can also be used to detect fungal DNA extracted from paraffinembedded tissue sections or by direct in situ hybridization, as has been reported by other researchers for the detection of A. fumigatus and other fungi (3, 22, 46, 53) .
The A 650 values of the PCR-EIA have been previously shown to increase with increasing amounts of target DNA (19, 39, 59) . As observed in the present study, at higher DNA concentrations (Ͼ10 5 cells or Ͼ2 ng per reaction mixture), the A 650 values plateau and become saturated (39, 59) ; semiquantitative values can be obtained for DNA concentrations below these values (39, 59) , and conversion to a real-time detection system should provide direct quantitation (41) . Given that probe reactivity was highly specific and sensitive in the above experiments, these probes hold promise for the differentiation of fungi in tissues from infected patients as well as for the identification of organisms in body fluids and in pure culture.
It remains to be determined whether there are environmental or other Aspergillus species not yet tested in the PCR-EIA probe matrix that will cross-react with our probes or whether other genes or other rDNA regions may give better discrimination among the less common species of aspergilli involved in human disease. BLAST searches using Aspergillus species probe sequences indicate that some cross-reactivities with rare or nonpathogenic fungi may occur. It is unlikely that such cross-reactivities will be diagnostically significant. It must be remembered, however, that the GenBank database is not complete for all fungi or all ITS2 rDNA sequences, and it is possible that DNA from fungi that we did not test may cross-react with our probes. This may be particularly the case for Aspergillus species that are from the same taxonomic groups or sections where molecular siblings may occur (34) . A full examination of clinical isolates, including those obtained from sterile and nonsterile body sites, is currently under way. Environmental contamination has not yet been a problem in our studies, as appropriate controls have been instituted (19, 35) . Contaminated commercial reagents have not been encountered to date, although such instances have been reported by others to occur (6, 42) .
In conclusion, specific probes were designed to differentiate seven of the most medically important Aspergillus species from one another and from other medically important opportunistic molds and yeasts in a PCR-EIA format. Studies are currently under way to determine the sensitivity and specificity of the Aspergillus species probes in the PCR-EIA and real-time PCR formats for the diagnosis of IA in hematopoietic stem cell transplant patients and in patients with hematological malignancies.
